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(Micro) Solvation

g

.- .

Solvation:
The ability of a “medium” to
“assimilate/incorporate” dissimilar components!

Example: NaCl in H,O (liquid)

Neither Components “Lose Their Identity”

© 2017 California Institute of Technology. Government sponsorship acknowledged. 2




Why??

© 2017 California Institute of Technology. Government sponsorship acknowledged. 3




Llfe on the Blue Dot — Planet Earth

g
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Our Sun and the Planets

“Planets”

“Dwarf
Planets*

&J
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10 20 30 40 1000 AU
to 1M AU

Distance (Astronomical Unit
100 AU (Voyagers)
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Our Galaxy and the Sun

Light Year (LY):
9.4605284 x 105 m
63,067 (~6 x 104) AU

Astronomical Unit (AU):
1.49597870691 x 10 m

Our Galaxy:
10° LY diameter
103 LY thick (stars)
104 LY thick (gas)

Contains:
2 to 4 X 10" stars

Next Neighbor:
Closest Star ~4 LY away
Closest galaxy 2X10° LY away




aterstellar Molecular Clouds: B|rthl3|ac">s for

e . New Stars

- -
————_

Orion Constellation
Horsehead Nebula (very cold)
NGC-2023 Reflection Nebula

NASA Hubble Space Telescope Images




The Lifecycle of a Star

warm neutral
and ionized gas

formation of .
cold HI clouds o disruption of

molecular clouds

formation of : .'-' _ stellar
molecular clouds _ : evolution

star formation

Source: http://soral.as.arizona.edu/HEAT/science/LifeCycle.png




o - Massive Star
/. Sun—like Star N, > .‘ '

...

@tarF@rmmg? § Supergiant
" Nebula

. cat ;_)" .rL‘.
Planetary; ﬁ; . -
3, e
Nebula 4 Neutron Star #  Supernova

e o
White Dwarf Black Hole




| qumg,en C'onstltuents T (r{) m (cm‘g)
Coronal gas H* 0 105 — 108 ~ 0.01
~ 50% of ISM by volume
Diffuse nebulae Ht other ions ~ 104 102 - 10°
(H II regions)
Intercloud medium H Ct ~ 104 ~ 0.1
~ 40% of ISM by volume
Diffuse clouds H, H, Ct, CO 50 — 100 10 — 102
Dark clouds H, [ many molﬁ'ul%] ‘ 10-30  10° - 107
(mclecular clouds)

~ 600

CGiant mclecular clouds H, CO ~ 10
~ 10° solar masses ‘

At 1 atm. ~3 x 10"® molecules / cm?

10




‘How did our solar system come to be? - e

- At some point, part of the cloud
It all began about 4.6 billion years collapsed in on itself—possibly because
agoin a wispy cloud of gas and dust. - the shockwave of a nearby supernova
explosion caused it to compress.

The result: a flat spinning disk of dust and gas.

*

4.6 Bi ||i-0n \ [/ When enough material collected at this disk’s
7 ) . 1 center, nuclear fusion began. Our sun was born. It
Years Ago - : M~ - gobbled up 99.8% of all the material.

These clumps became planets, dwarf planets,
asteroids, comets, and moons.

MNuclear fusion occurs
when hydrogen
atoms fuse into
helium.

This cloud was a small partofa «
much bigger cloud.

The material left behind
by the sun clumped

together into bigger
and bigger pieces.

-

Only rocky things could survive close to the sun, so
gaseous and icy material collected further away. That's
how our solar system came to be the place it is today!

Comets and asteroids are
the left over remains of

Space Placc&~. . e

ina Snap.

For more articles, games, and activities, visit spaceplace.nasa.gov




Water
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tElemental Abundance of Our Galaxy
== (excluding Dark Mattgr/Dark Energy)

Most abundant

i 7L Elemental Composition of Milky Way i
mOIeCUIeS In the 10 % Croswell, Ken (February 1996). Alchemy of the Heavens. Anchor. |3
Un|Ve rse are: N ? ISBN 0-385-47214-5. hitp://kencroswell.com/alchemy.html .

5 (Inert)
B = e
1MW L = 3
H, (Hydrogen) : 3 ]
I
@
% 10° - E
C.H., (Hydrocarbons) T o}
NH; (Ammonia); 2 6’? _§
O, (Oxygen); < 10tk 8 c £
CO (Carbon Monoxide) s & . 7

.. (& e

CO, (Carbon Dioxide) z £ 8 5 5

. 3 = © =
N, (Nitrogen) 10 E D= 33
etc... ;

Atomic Species
H,O is the most abundant triatomic molecule
based on cosmic elemental abundance, followed by hydrocarbon\?53




Icy Satellites of Outer Planets

Enceladus

satellites
Ariel H,0,0H?
Umbriel HO0

Titania H,0, C, HC, OH?
Oberon H,0, C, HC, OH? —_—

Neptunian .

satellites

“Triton N,, CH,, CO, CO,, H,0

Pluio N,, CH,, 00, H,0 MIRANDA A —
Chaon  H,0,NH, NH, hydrate

Trans-Neptune

objects H,0, HC ices (e.g., CH,, 7*5OH), HC, silicates

|

Ted Roush, JGR E12, 106, 33315 (2001)
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uncollimated
collimated wide-angle wind

bipolar
outflow /

in-alling
gas and dust
CAls and

e I
T N V- /\‘v \m“"‘
A AW

\
annealcd \

silicate dust f X

— Jenniskens & Blake (1996)
Solar System

Kouchi, et al. (1994) |

45x10° yr

_— .
o .
2 ;
Y o b R b B B e R R e R e i o o e B B R M|
C
7))
>

vt ool voond sound comd ool ool ool vnd ool vond vl ool ond il ool vond oo cond vt ool vond siad ol ol sosd ool uad ool

0 &
. Pull i
0.1 r 10,000 1,000 100 10 1 0.1 0 0.1 1 10 100 1,000 10,000
g_ distance from protosun (astronomical units, logarithmic scale)
0.001 3
(from Nuth, J. A., 2001, Amernican Scientist, v. 89, p.230.)
10'5 E A | 7 2 2 | { . ) | ! ' : | ! ! h
40 60 80 100 120 140 160

Temperature (K)
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Organics

© 2017 California Institute of Technology. Government sponsorship acknowledged. 16




terstellar Ice Grains: Loaded with Organics

g

.2 Amorphous Interstellar Ices

BOOGERT ET AL.

T T T T T
NH4*

CH30H Silicates
CH,OH
“3.47 um" OCN- H0 | CH, ™3

10.00 | CHgOH | NHg?

forsterite?

Star-forming Regions /

— Protostars
= 1.00F B 5 IRS1 (X5) =
g ; HH 46 IRS
B
H,0
0.10F 0.010 7
0.001 — )
B Xt B X
0.01 1

Dense Molecular Clouds

Oort Cloud Comets — Similar Composition? (The Bagle Nebulae)

© 2017 California Institute of Technology. Government sponsorship acknowledged. 17




I-bw many of you have seen a comet?

-‘. Y " . - »




s Similar Composition:

__=Comets angd Interstellar-lce Grains,

8 Comet Composition (Hale-Bopp)
100 F o S Shace Sclonce Paiows 901 198, 16961 ] 100
SO0 g pace Science Reviews 90: 19-32, 7
10 2 10
L 1
m 0-1 0.1
O
@
© 0.01 0.01
= %
por %
8 :
< 0.1 : 0.
L : 1
3 OOy Z
Q T & O T | W33A Composition (interstellar)
Lo =2 Gibb et al., ApJ 536(2000)347 | 4 100
8 a i

Molecular Species

© 2017 California Institute of Technology. Government sponsorship acknowledged. 19




’ ..Eﬁceladus (Saturn’s Ilcy Moon) Plumes

. - N ~ | 2 3

"

-

oxide

Abundance

0
A
c,]

(0
Pl
)

N .
N

Carbon Monoxide

@l

O)
Q.

~
@)
3
>
e
)
R
g

CarboniDi

0.1%

Complex Prganics

White brackets show range of cometary values

NASA Cassini Mission




Saturn’s Organic Moon “Titan”
_ . E ;b.: g i3 ."” 9 ; -’a,

Murthy Gudipati; January 26 2013

Gudipati et al., Nature Communications 4(2013)1648 21




.Ti'tan Subsurface Oceans: Habitable?

)-.. ) . .z : '.,'. '..'0.:

If this Titan’s surface boulder were to be water-ice coated with
organic solid and exposed to >350 nm solar photons, then
building blocks of life would be formed here and transported into
the interior water oceans — a habitable environment.




¢ Ice Spectroscopy Lab @ JPL

Our research spans many icy bodies
(including Titan, not shown here)

in the solar system and interstellar medium |

—

—-w___“-_-

o

Kuiper Bell and outer
Solar System planetary orbils

: l Galactic (Milky Way)  Horse-Head Nebula
Enceladus Interstellar Medium Dense Molecular Clouds

The Oort Gloud | o
{camprising many AL
| comeats) |

billiens of come

Coms(Hale-op) NGC-7331 Twin of the ilky Way




Radiation

© 2017 California Institute of Technology. Government sponsorship acknowledged. 24




¢ . Europa’s Radiation Environment
"'.. . N A e s ,

~ 10

s-sr-keV)~
=3

o

- ¢ (EPD)

—_
<
—
>
’/
”

102 i\ == Hf y
— ¢ (EPD) % e O kY

Particle Flux (cm?s-sr-keV)™!

Particle Flux (cm
>

- H — S )
10’4 —— On+ P (DG-83) \:‘
10°F == g .
105E - € (DG-83) Europa (E4)
(7 T ERETITT AR MPRT
10t 102 10° 102 10° 10 10°
Energy (keV) Energy (keV) Energy (keV)

Galileo Orbiter measurements of energetic ions (20 keV to 100 MeV) and electrons (20-700 keV)
in Jupiter’s magnetosphere are used in conjunction with the JPL electron model (<40 MeV) to
compute irradiation effects in the surface layers of Europa, Ganymede, and Callisto.

John Cooper et al. Icarus (2001)
25




Radiation

PP

High-Energy Radiation (1041 - 10 eV)
Cosmic Rays (90% protons, 9% are helium nuclei - alpha particles, 1% electrons -beta

minus particles), Magnetospheric Electrons, Protons, lons, y-Rays, X-Rays, Extreme UV
Photons - extreme high energy particles from Galactic Core.

Low-Energy Radiation (<10 eV)
UV-VIS-IR Photons, Slow Electrons, Protons, and lons

10° [ 10M g I e rrrn
10° e 1013;— ——— High Limit ‘
\ ol Low Limit
1073 \ 1077
— 10 b R
> § 10 L
9 10° L 107
5 4 107
e 1072 ' . Electrons E
g - I m2yr! E 10% 3 3
105 E’ 107 F
10°'8 = 106 _ Protons
= E
o Fr g 10} .
E 3L Europa Orbit
1077 10 Pioneer/Voyager/Galileo Composite
1 2 FEERTTTT AREEERTITT MR TTTT MERRTTTT EECSRTTTT SEEERTITT MRRARRTITT M. Tt
10° ' 10 10 107 10" 10 10510510103 10210 10° 10' 10?
E (eV) Energy (MeV)
Jupiter’s Magnetosphere at Electromagnetic

Cosmic Rays

Europa Spectrum 26




3 Radiation Chemistry of Ices

(aissocialign & ionization —siorage of energy & highly reactive species)

% " -

Quanta of Energy deposited in ices to heat, _
dissociate, and ionize molecules in these ices Photons - few microns

Photons (< 20 eV) : a few events Cosmic Rays ~ meter
Particles (MeV): 100 to 1000 events

UV Photons f\f\/\—» ) 5 O)
NN\
» Break bonds VAV A g
« lonize SPCCiT'S " AR DA
. Penetratlor) imite . AN\ )
by optical properties NN\ : :
of ice AN :
NN
NAVAVA S 4
NAVAYA S a /s
VAVAVA S o L™
C O
Cosmic Rays
(protons)
—
» Break bonds
* jonize species R &‘
« generate high-energy

secondary electrons
» penetration limited by >
energy of particle

and stopping power
of ice _—

PR 00
Spinks and Woods: “Introduction to Radiation Chemistry”, John Wiley Pub., NY, 1990, p.8
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#"Radiation Environment of Europa - Electrons

. . >

:.‘ il - .

Electrons Reaching Europa’s Surface: Trailing (colored)
Hemisphere: <25 MeV,; Leading Hemisphere: >25 MeV




Life On Earth
How?

© 2017 California Institute of Technology. Government sponsorship acknowledged. 29




Mammals Earth's
Plants | Humans

ﬁ\r\‘g:%,ebrates \ BlogeOIOglc
Origin of CIOCk

Earth Origin of Crust
/ and Core Late Heavy

Bombardment
Algal

Kingdoms (I—HB)

Lunar Cataclys

Bacteria

Precambrian

2 3
/ N\

Macroscopic Billions of Years Ago
Eukaryotes

D. Des Marais
NASA, Ames Research Ctr.




67P/Churyumov-Gerasimenko

B sl " -

31




he Origin(s) of Life — Role of Comets

Did Organics Survive Comet Entry and Impacts on Earth?
Do we fully understand Comets? (Deep Impact, Epoxi, Rosetta)




Abundance

Similar Composition:

_=Comets angd Interstegllar-Ice Grains,

100

Comet Composition (Hale-Bopp)
Crovisier and Bockelee-Morvan
Space Science Reviews 90: 19-32, 1999

|H2S

OCS

O
n

HCOOH
HCOOCHS3

W33A Composition (interstellar)
Gibb et al., ApJ 536(2000)347

€HN

Molecular Species

100 Rosetta-
Rosina
observations
found many
more
volatiles (O,,
N,, S,, Ar,
etc.,) as well
as non-
volatiles
such as
glycine.

100




Y (] lar Malecular Clouds: B|rthplaces of New
B S e e T, | OLAKS

_!;&‘3.,};_."»

- -
S

Orion Constellation
\ Horsehead Nebula (very cold)
NGC-2023 Reflection Nebula

NASA Hubble Space Telescope Images




_ | Rosetta Mission to
omet.Churyumov-Gerasimenko (CG-67P)

Discovered by
Klim Ivanovych Churyumov
Svetlana lvanovna Gerasimenko

Discovery site

Alma-Ata, Kazakh SSR, Soviet Union
Kiev, Ukrainian SSR, Soviet Union
Discovery date 20 September 1969

Aphelion 5.6829 AU (850,150,000 km)

Perihelion 1.2432 AU (185,980,000 km)

Eccentricity  0.64102
Orbital period 6.44 years

Dimensions

Large lobe: 4.1%x3.3%X1.8 km
Small lobe: 2.6x%x2.3%1.8 km
Volume 21.4 km3 (5.1 cu mi)
WS (1.0+£0.1) x 103 kg
Mean density 0.47 g/cm3

Rotation period 12.4043=+0.0007 hours




Micro-Solvation of lons Species in Cryogenic Water-Ice

36




ihother 3 Years for the First Announcement

Gordon Research Conference 2003, Bates College, Lewiston, ME

WEDNESDAY

7:30 am - 8:30 am

9:00 am - 12:30 pm

9:00 am - 9:40 am

9:40 am - 10:20 am

10:20 am - 10:50 am

Breakfast

Reactive Species and Processes Il

Discussion Leader: Zofia Mielke (University of Wroclaw)

Rui Fausto (Univerity of Coimbra)
"Matrix-Induced Changes of Low-Energy Conformational Levels Sequence: Proof for Molecules
Showing Different Ground Conformational States in the Gas Phase and in Inert Gas Matrices”

Bryce Williamson (University of Canterbury)
"Jahn-Teller Coupling in the Ground and Excited States of the Ferricenium Radical Trapped in Ar”

BEREAK

10:50 am - 11:10 am

Murthy Gudipati (University of Maryland)
"Optical Spectroscopy of VUV Processed Cryogenic Water |ces: Astrophysical Relevance”

11:10 am - 11:50 am

11:50 am - 12:30 pm

12:30 pm

4:30 pm - 6:00 pm
6:00 pm

7:30 pm - 9:30 pm

Robert Sheridan (University of Nevada)
"Cutting Corners-Organic Reactions at Very Low Temperatures”

Wolfgang Harbich (Ecole Polytechnique Federale de Lausanne)
"Softlanding, Stability, and Optical Properties of Small, Size-selected Ag Clusters Embedded in Rare
Gas Matrices”

Lunch
Poster Session

Dinner

Dynamical Processes in Matrices

37




e Birthfof UV-Spectroscopy of/in Water-Ice (2000)

NeceSSIty IS the Mother of Inventlon IR reglon is domlnated by water = Optlcal the way to go

Electronic Vibrations Phonons Rotations

uv NIR MIR FIR THz Microwave
S | Fuﬁ%mantal o ' g = =—— b
Vibrations -
s. & as. siretch bhend

co Librational Modes -

Ove;tone X 1 O
Combination Band | o

. \ W Transparent |
Transparent | A B , | Future?

Present Work

1 10 | 100
Waveiength (um)
S. G. Warren, "Optical constants of ice from the ultraviolet to the microwave," Appl. Opt., 23, 1026-1225, (1984). 38




v First Detection of

Reactive Intermediates in Water-lce Matrix

1 neutral molecule "" 4MP/H,0 ice.
(before photolysis) i VUV photolysis |
] at 15 K 1

s -
-
&_“

O [AMP]
® [4MP)

Absorbance

15 30 45 60
photolysis time (min)

expenmental
- simulation
linear fit
).026 +0.715 X) S

LT LS AL B R B B LI BN AL B RELANL AN AL A AL AL
250 300 350 400 450 500 550
Wavelength (nm)

Gudipati & Allamandola, Apd 596, 1.195 (2003)

First UV-VIS spectroscopy of PAHs in Ice

Positive Identification of PAH* in Ice

39




'*'fsual Stablllty of Large lonized PAHSs in Ice

= A One-Month Long Experlment at Ames amid H|k|n9 in Sierras

40




|.E. (Gas-Phase)
6.11 eV (203 nm);

lonization in H,O
<4eV (>310 nm)

0.154 [

0.10 -

Absorbance

-0.05 -

0.054 ¢

-0.10

before
photolysis

| 4.66eV]

600 700 800

neutral

>70% ionization

900

>310 nm (glass filter)
magnified 10 times &

0.10 -
0.08 laser
photoionization
0.06 at266 nm
0.04
0.02
0.00

photoionization

with D, lamp 4.0 eV
U e

Quaterrylene in H,0 at 20 K
Photoionization

600

—_—
700

I

; ; —
800 900

Wavelength (nm)
Gudipati & Allamandola, ApJ Letters 615 (2004) L177

41




Multiple lonization of PAHs in Water-Ices

P

-

ol —

Wavelength (nm)

S = 1 I
0.10 1
0.05 4
0.00 - . RN PRSI [ | S e i
e R - e e R
QTR QTR™ /\QTR"
0.25 | Quaterrylene .
in HZO ice
8 at 20 K
G 0.20- |
= S 2400 sec
2 '
0
< 0.15- 1200 sec-
600 sec.
0.10 | 300 sec-
i ',, 120 sec |
0.05 - W_
AN F0ses
] f"""'\.’v q
e 15 sec
PP e —
0.00 5 sec]
l|||0$ec
500 600 700 800 900 1000

0.154 [

0.104 [

Absorbance
o
o
o,
1

o

o

o
1

-0.05 - neutral magnified 10 times
| Quaterrylene in H20 at20K |
>70% ionization Photoionization
-0.10 +Y+——

T T T r r r T T T r Y T
1 L] 1

e
radical cation

before
photolysis

0.10

V)

laser
photoionization

1 0.08

htoionlzation
with D, lamp
>310 nm (glass filter)

(=

S e T
700 800 900

Wavelength (nm)

———
600

266 nm Laser
Ionization (4.66 eV)

Plasma VUV
121.6 nm H Ly (a)
Ionization (10.2 eV)

Gudipati & Allamandola, J. Phys. Chem. (2006)




””'r'age of Charge (lons & Electrons) in Ices

. ) g~ - %8
Thermal PYR* + & — PYR R e M
. . .. 10 Pyrene/H,O
recombination in ices 1 warmup after ionization i
1 electron-ion recombination
I T e N B O ) 0.05 - depletes ion and generates neutral A
0.15 - | Quaterrylene TR* + i
inH,0 ice Q QTR Y M
0.00 .
010} 20K I ]
: 140 K - 30 K
!
0.05 . : ~0.054 ¢
|
| :
: = 1l -
50‘0073‘?1‘:’-*;:' : i 50'10 e :}::::'::::%8:(::‘::. }
(o] | o L] . .
2 ol . § 080 ——50K-30K
<00 | 1 i ——75K-50K
| 0.02 - ——100K-75K =
sl | . 125 K - 100 K
Subtracted Spectra 0.01 - 140K - 125K
QTR —— (After - Before) Photoionization &l
015 Y (After - Before) Warm-up to 50 K - 0.00 f\
IS CREL PO S LN SR N [N T E S N R B A [N L R B A
500 600 700 800 900 1000
-0.01 \N | = =
Wavelength (nm) .:;leUtraI | lonized |
0.02{Fyrene Y Pyrene -
Thermal QTR*+ + e —» QTR*
» - s 3 326 350 375 400 425 450 475 500
recombination in ices WaSIEIEH (i)
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angﬁ’tlon Key Step in Radiation Processing of
= . @ Organigs.in Water/lce

Murthy S. Gudipati and Paul D. Cooper,
Chemistry in Water Ices: From Fundamentals to Planetary Applications

in “The Science of Solar System Ices”,
M.S. Gudipati and J. Castillo-Rogez (eds.), Springer, NY, 2013. 44
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e‘UV Spectroscopy - Started in 2001
‘,_,J RS s il .'.-’,....': L

=

| o . ‘\‘ F F
‘\ \ ‘A

NASA Ames — Truckee Cross-Country Skiing 2 = 45




: ¢ By the time ICLTC 2008 (Helsinki)
Fisolation-in Water-lce becae.Mainstream




Complex Organics

Complex Organics — How and Where From?

© 2017 California Institute of Technology. Government sponsorship acknowledged. 47




Refractory/Complex Organics:

C W here and, How they are formed?

Cryogenic Raw Material
Cosmic Ices H,O, NH;, CH;0H, CO
Photons/Electrons
Cosmic Rays Temperature
Debris/Collisions
Radicals,
Ions, -
Electrons. & BU||d|ng BIOCkS
Molecule,:s Atoms, Radicals & Ions
Photons/Electrons
Temperature Cosmic Rays
Debris/Collisions
Amino Acids, Biomolecules
Micelles, etc. ERNBRY K& Amino Acids etc.

d

© 2017 California Institute of Technology. Government sponsorship acknowledged. 48




’ yde fStanding Prebiotic Chemistry in Comets
‘ e At Murthy S Ice Spectroscopy Lab (ISL) @ JPL

Understanding intricate | ' '!1" |8/
details of how biomolecules AN\

could have evolved or k
degraded in Interstellar Ices ! ’
(Origin of Life), Comets, and &

on other Solar System

Bodies.

© 2017 California Institute of Technology. Government sponsorship acknowledged.




Shapshets of Chemical Reactions: 2S-LAI-TOFMS

- ". .°. P "‘ ool . “ 4 '..

Identification of atoms and 266/213 NmM  vv-taser

; ) (lonization)
molecules produced at various ice
temperatures and radiation does

IR-Laser
Substrate (Ice Ablation)
& Ice

(10 -200 K)

Interstellar & cometary ice chemistry

Evolution of prebiotic molecules

N

1

)

A
I 4
|

A
\

10)91)eQ
gjodnipend

<

Time-of-flight Mass Spectrometer

N
Mass SelectionJ

W
0

}

Y4 s
ajodnip

Snapshot

Controlled

. @
(@ Isolation 7 g = 3 g Temperature 10 .K - 200K
& a3 T 5 ‘ g2 (relevant for various Solar
: 2 & §’ N g @ System and Interstellar
1 Analysis ) &3 Ices)




Intensity (arb.unit)
1
b S

- \

Naphthalene (C

Toluene in H,O Ice @ 5K

@ potcs @

Hyd ro<ytoluene
Water Clusters

After UV irradiation

10 8)

- Anthracene (C, H._ )

14 10

j /'\/L

Toluene (C_H,)

Before Ly UV Irradiation

0 50 100 150

II"'IIIIII‘I"IIIII

200

l LA B B

l B N0 N l U & B8 ' LA B B l Vol 4, ® l LA A ] LI}
250 300 350 400 450 500

Mass (amu)

550

Cllll IR (s PNy WE RV | Eyven under coldest interstellar conditions

© 2017 California Institute of Technology. Government sponsorship acknowledged.
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stratlon that IR Ablation Laser Does NOT

cayse Chemlstry

m/z relative to C, H.OD

10 7
-20 0 20 40 60 80 100 120 140 160 180 200

] 18 36 54| 72| 90 [108 [126 144 162 180 ]
_ l' llllllll'l lllllll'll llllll'lll lllll'llll llll'lllll lll'lllllll l'llllllll 'lllllllll LLLLLLLLEN I

D,0 ice at 100K 2C-LALI-TOFMS
with IR laser (2.948 pm) tuned for H O ice

oD : : : J
D20 iceat5 K
“ OG after VUV irradiation

Anthracene
(C.H,)

14" 10

= Naphthalene ]
(C,oHe)

10" '8

r Toluene 1
L (C.H,) J j
* * * *
Mar, A ll A _Ma
JL After 30 min. H,O deposition
| A Al A M ]

120 140 160 180 200 220 240 260 280 300 320 340
m/z

m/z relative to C10H7OH
-18 0 18 36 54 72 90 108 126 144 162 180 198

after VUV irradiation

After 20min. H,O deposition

relative intensity (arb. units)

After 10min. H,O deposition |

rel. int (arb. units in log scale)

After 5 min. H,O deposition |

L No H,O deposition |
""""" LMY WAL LR WA LAY DAL WAL LAY L) WAL LR WL LA (AL R LA L)
70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
m/z

2 '£"l

1

120 140 160 180 200 220 240 260 280 300 320 340
m/z

Yang & Gudipati J Chemical Physics 140 (2014) 81-90 52




0.006 HAnthracene in H2O Ice @ 5 K - Di =l
Hydrogen Lamp lrradiation \
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2ation-Mediated Radiation-Chemistry in Ices

O-atom
addition

Hand O
addition
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42 m/z, CNO"
44 m/z, CH,NO"

46 m/z, CH ,NO" (protonated formamide)

58 m/z, C

H, NO" (protonated methyllsocyanate)|

60 m/z CH, NO (protonated acetamlde)

Cometary Ice
Analogs
Produce Key
Building Blocks

Interstellar / SN I T i e LA

TN SOV W W VOO

high clustering:|'*NH /CH, OH

low clustering: ;CNH?’/CH?’OH

Of Life upon
Radiation

high clustering: "°NH_/CH_OH
ANANANA A_.'\_A_A; AN

Processing

lon intensity (arb. units)

low clustering: '°NH_/CH_OH
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Irradlatlon Products of Slngle and DuI Component Ices, 5 K

NH, CH,OH H,0

e-, hv

irradiation
products as
CH;OH ice

Many of these molecules are detected by Rosetta-ROSINA

NH; less reactive than CH;OH under radiation
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" "tane0us UV & IR Absorption + Fluorescence

.E’yrene In HZO Ice
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Processed ice ™~ 1m
Unprocessed primordial ice >1m
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Lignell & Gudipati
J. Phys. Chem A.
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flacnoscopic Amorphous Ices in the Lab:
~_Simulating Interstellag.& Comet Ices

150 K Deposition 5 K Deposition
(Crystalline) (Amorphous)
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Complex Organics

Complex Organics:
Already formed in Molecular Clouds
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HZO Ice & Super Volatiles

3 h bt ‘g

How are Super Volatiles Trapped in H,O Ice?
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Ice Composmon VUV Studies

% " " Absorbance of H,O Ice |
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Top: VUV Optical Constants of Pure H,O Ice
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Bottom: Absorption Spectra of NH; and H,O ice with 10%NH,
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¢tDepletion Temperatures of Volatiles

Ey— » » M ] >
.—-). . ¢ ' : l‘ .. . ." 3 ; - y * ' - . . ey
- Bl v - » .

Crystalline H,O Ice <160 K; Amorphous H,O Ice <<80 K
CO, Ice <70 K; Super Volatiles ~30 K

Gudipati et al., (NIST, VUV) — to be published

Martin-Domenech et al., A & A 2014, 564
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~ fAmorphous vs. Crystalline H,O Ice
. - ". P :.}.-: ol -.’ .

A Comet’s Nucleus — What is it?
Amorphous or Crystalline?

Amorphous Ice Traps Large Amounts of Impurities!

Crystalline Ice Expels Impurities!
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¢Amorphous to Crystalline — Exothermicity

Impurltles may change exothermic to endothermic (amorphous

to crystalline) transition — to be confirmed in the laboratory

Amorphous Ice Relative Exothermicity

o T Deposition 5 K
one day
1.004 ——oneday -
two days
> X A ——three days |
E | Amorph to
g 09917 * Crystalline -
% 7 Exotherm
h * \ 1
2
§ 0.98 . l{ |
1 Sublimation |
100 110 120 130 140 150 Endotherm
0.97 4——,

60 80 100 120 140 160 180 200 220
Temperature K

Robert Wagner and Murthy Gudipti (2013)

to be published

Endo. Exo. Endo. Exo. Endo. Exo,

Endo. Exo.

Kochi & Sirono GRL Z28(2001)82/7

a pure HO n
0 50 100 .1.';0 200
Temperature (K)
b HLO:CO=100:10
0 ;O 1f‘)0 15lO 200
Temperature (K)
¢ HL0:C0=100:10
{
0 : 50 : 100 150 200
Temperature (K)
d HX0:CO.:CO.CHe=100:10:5:5
0 S50 160 150 200
Temperature (K)

Figure 2. DTA curves of pure (a) and impure (b-d) a-Hz0.

Endo., endothermic; Exo., exothermic.
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fystalline Ice NOT a Good Host for Impurities

1:500 Pyrene in H20 Ice
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Amorphous Ice

SN
\
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B
0 0. 0 D 0
BH W H Nun
o 0 o
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o

MN HH
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Crystalline Ice

<

Processed ice ~ 1m
Unprocessed primordial ice >1m

Amorphous Primordial
Interior

|

~1m ~ 1000 m ~0.1m

Comet CG/67P

Lignell & Gudipati J. Phys. Chem A. 119 (2015) 2607
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‘How Primitive is a Comet’s Interior?

How Thermally Equilibrated are Comets?
107 ¢ .
102 | L
o - Kouchi, et al. (1994) ‘ :
1097 & Jenniskens & Blake (1996) .
- Solar System -
10" | =
10% 'r ; r
10 £
= 0]
:é 10 :_ 4.5 X 109 yr .: R e e e T
O et Amorphous Primordial
£ 3 3 '
E 0 g<j‘> Interior :
10° | . 1
1000 f KBO 8 |
o f
0.1 3 ||
0.001 [ . i
10‘5 3 TN YW S JF[.C y b S IS T Wity : 3 H H
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Temperature (K) ~1m ' ~1000m | ~0.1m
Mastrapa, Grundy, Gudipati (Solar System Ices 2013)
Crystalline-ice-Silicate Crust?
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~ fAmorphous vs. Crystalline H,O Ice

More Laboratory Studies on
Volatile Trapping of Crystalline Ice

It is likely that O, and NH, bond strongly with H,O
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Trappmg of Volatiles in CO, Ice

.‘l_ o - -°"

CO, is up to 20% of H20

Can form Separate CO, Ice Domains
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Where are the Volatiles Trapped?
= H,Qzlce or CO,-Ice

<+ ROSINA MEASUREMENTS OF COMET GAS FOLLOWING OUTBURST

s Altwegg et al.,

Relative abundances of comet gas after outburst on
29 July compared with measurements taken on 27 July

CH, NH, HO CH, HIN (0O CH CHOH HS €0, OCs SO, (S,

During an outburst of gas and dust from Comet 67P/Churyumev-Gerasimenke on 29 July 2015, Rosetta’s
ROSIMNA instrument detected a change in the composition of gases compared with previous days.

The graph shows the relative abundances of various gases after the outburst, compared with measurements
two days earlier (water vapour is indicated by the black line).

Credits: ESA/Rosetta/ROSINA/MIBern/ BIRA/LATMOS/LMMARAP/MPS/SwWRITUB/UMIich
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Production rates of the volatiles between July and September 2015 increased by a factor 24,

water by a factor 8.4. This i1s most probably also due to the outbursts, which release mostly
species more volatile than water.

—— CH4*r"2 September
1E12 M5 End July P
e CO2*r"2 7
- HCN 7 /
1E11 i& i / 8.4
/ 7
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1E10 / / T ——
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% ' 24
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days_since_20140801 ROSINA/Altwegg et al.
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Laboratory Studies Needed

B ) -—"’

Exothermicity of Amorphous Water Ice with Impurities
What is the survivability of Ar, Kr, O,, N,, CO, CH,
(Supervolatiles) — from Pre-Solar to Present Day
(10 K—40 K- 120 K)?

How/Where are the refractory complex organics
produced?

H,O ice (amorphous vs. crystalline) and impurities
CO, ice (crystalline) and impurities

Dust/Ice Simulations at 30 K- 150 K

How does the interior of a JFC comet work?

Like Pressure Cooker?

Comet Nucleus Laboratory Research Consortium
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